Electrostatic interactions, base-pairing, and especially base-stacking dominate RNA three-dimensional structures. In an A-form RNA helix, base-stacking results in nearly perfect parallel orientations of all bases in the helix. Interestingly, when an RNA structure containing multiple helices is visualized at the atomic level, it is often possible to find an orientation such that only the edges of most bases are visible. This suggests that a general aspect of higher level RNA structure is a coplanar arrangement of base-normal vectors. We have analyzed all solved RNA crystal structures to determine the degree to which RNA base-normal vectors are globally coplanar. Using a statistical test based on the Watson-Girdle distribution, we determined that 330 out of 331 known RNA structures show statistically significant (p < 0.05; false discovery rate [FDR] = 0.05) coplanar normal vector orientations. Not surprisingly, 94% of the helices in RNA show bipolar arrangements of their base-normal vectors (p < 0.05). This allows us to compute a mean axis for each helix and compare their orientations within an RNA structure. This analysis revealed that 62% (208/331) of the RNA structures exhibit statistically significant coaxial packing of helices (p < 0.05, FDR = 0.08). Further analysis reveals that the bases in hairpin loops and junctions are also generally planar. This work demonstrates coplanar base orientation and coaxial helix packing as an emergent behavior of RNA structure and may be useful as a structural modeling constraint.
INTRODUCTION
RNA adopts well-defined three-dimensional structures that carry out specific functions in the cell such as splicing (Cech 1990; Schroeder et al. 2004) or gene regulation (Tucker and Breaker 2005) . The defining characteristics of RNA structure is base pairing and base stacking (Cate et al. 1996) . The most common structural element in RNA is the A-form helix that consists of sequentially stacked WatsonCrick base pairs (Lemieux and Major 2002; Lescoute et al. 2005 ; Leontis et al. 2006b ). Other structural elements include hairpin loops, (two-, three-, and four-way) junctions, and single-stranded regions (Lemieux and Major 2002; Lescoute et al. 2005; Leontis et al. 2006b ). Elements of secondary structure are stabilized by highly specific tertiary contacts, which define the three-dimensional structure of the RNA (Leontis et al. 2002a) .
Much attention has been placed on defining structural motifs in RNA (Leontis et al. 2002a (Leontis et al. ,b, 2006a Leontis and Westhof 2003; Lescoute et al. 2005) . These are specific threedimensional arrangements of 3-15 nucleotides (nt) that occur multiple times in one or many structures (Lescoute et al. 2005; Leontis et al. 2006b ). This detailed atomic description is extremely valuable for understanding RNA structure, as well as predicting it (Leontis et al. 2006a) . In this article, however, we focus on a global phenomenon in RNA structure, the relative orientation of bases.
To best visualize an RNA structure, it is common practice to rotate it in a three-dimensional molecular visualization program (Koradi et al. 1996) . We noted that the most visually appealing orientation for an RNA molecule is often one in which the edges of the maximum number of bases are visible, such that one can see through most of the molecule. This is illustrated in Figure 1 , A and B for the classic tRNA and P4-P6 subdomain structures, respectively (Cate et al. 1996) . In fact, we chose the orientation of these molecules based on an eigenvalue decomposition of the scatter matrix of the base-normal vectors described below. The normal vectors to each base are drawn in Figure 1 , C and D and from this illustration it becomes apparent that most of these vectors are coplanar. This is also apparent in Figure 1 , E and F where the vectors are translated to the origin while maintaining their orientation. Coaxial arrangements of helices have already been suggested as an emergent behavior in RNA structure (Leontis et al. 1995; Duckett et al. 1997) . However, the general nature of the coaxial orientation of RNA helices has yet to be quantitatively defined for all known RNA structures. A significant number of large RNA structures have now been solved crystallographically and provide a suitable data set for statistical analysis of RNA structure.
We develop a mathematical formalism based on tools from directional statistics to evaluate the degree of coplanarity in all known RNA structures. We aim to determine whether global coplanarity of bases is a statistically significant (E,F) Same as above, but all base-normal helices have been translated to the origin while maintaining the same orientation. The three eigenvectors (l 1 , l 2 , and l 3 ) are rendered as red, blue, and green vectors with spherical tips, respectively. In all three representations the same frame of reference is maintained. This article reports on the statistical tests of the coplanar and bipolar nature of RNA base-normal vectors. emergent behavior of RNA structure. Furthermore, we evaluate whether this is due to the dominance of helices in RNA structure or whether there is a general preference for helices to pack coaxially. Finally, we evaluate the statistical significance of coplanarity in the individual structural elements of RNA such as junctions, hairpins, and single-stranded regions.
RESULTS
Our analysis of RNA structure is based on the ensemble of normal vectors for each individual structure, translated to the origin as illustrated in Figure 1 , E and F. We consider in this article three types of distributions of the directions of vectors. In Figure 2A , we illustrate a perfectly random distribution of vector directions, while in Figure 2B we illustrate a coplanar distribution, and in Figure 2C a bipolar distribution. We consider for each RNA structure the degree to which the directions of the base-normal vectors fit a random, bipolar, or coplanar distribution.
As described in detail in the Materials and Methods section, we use a mathematical formalism that describes each distribution in terms of the contributions of three parameters: c b , c p , and c r (i.e., bipolar, planar, and random) (Zhang et al. 2004) . Since the three parameters add up to one, it is appropriate to plot them on barycentric coordinates as illustrated in Figure 3 . The three vertices of the triangle represent a pure contribution of one of the three parameters. In Figure 3 , the top vertex represents c r (or a random distribution), while the left and right vertices correspond to c b and c p (bipolar and coplanar), respectively. If we now consider a distribution of normal vectors based on a solved RNA crystal structure, we can determine the three parameters and plot them on this graph. For example, the P4-P6 subdomain of the Thermus thermophila group I intron is plotted as a cyan star in Figure 3 . The star is near the bottom left vertex of the graph, indicating that the distributions of normal vectors are mostly bipolar, which is in agreement with Figure 1E . In the following sections, we repeat this analysis for all RNAs of known structure and furthermore develop a statistical test that allows us to determine significant coplanarity and/or bipolarity in distributions.
Statistical analysis of base-normal vectors
Three hundred thirty-one RNA crystal structures fit our selection criteria in the most recent release of the Nucleic Acid Database . For each RNA structure, the base-normal vectors were computed as illustrated in Figure 1 , and the barycentric coordinates determined as described in Materials and Methods. Figure 3 illustrates the results of this basic analysis and reveals that most RNA molecules show either coplanar or bipolar arrangements of their base-normal vectors. Furthermore, most tRNAs (plotted in red) exhibit a clear coplanar arrangement of their base-normal vectors in agreement with the high degree of structural conservation in this family of RNAs (Auffinger and Westhof 2001) .
The one class of RNAs that does not appear to present a coplanar or bipolar arrangement of base-normal helices is the ribosomal RNAs (plotted in green). Most ribosomal RNAs appear near the top of the triangle in Figure 3 . The one drawback of visualizing the results of our structural analysis in barycentric coordinates is that it does not take into account the size of (and number of bases in) the RNA molecule. It is therefore difficult to evaluate if the positions of the ribosomal RNAs are statistically different from a random orientation of base-normal vectors. We therefore performed a statistical test of coplanarity of the basenormal vectors as described in the Materials and Methods section. The results of this test are summarized in Figure  4A . The solid line represents the mean angular dispersion with respect to the best-fitting plane of a random spherical distribution as a function of n, obtained by simulation. The dotted lines represent the 5th and 95th percentiles of the distribution. All RNA molecules (except for PDB ID 1ZDJ, a single-stranded viral RNA) fall below the lower 5th percentile. Therefore, 99.9% of RNA structures (including ribosomal RNA) exhibit base-normal orientations that are either coplanar or bipolar. A list of all the PDB structures tested, along with their corresponding coplanarity score and barycentric coordinates are provided in the Supplemental Data.
Statistical evaluation of base-normal coplanarity of RNA structural elements
To further evaluate the degree of coplanarity in RNA structure, we performed an analysis of individual structural elements across many RNA structures. Figure 5 , A and D plots the results of this analysis for helices, hairpin loops, junctions, and single-stranded regions of RNA, respectively. Figure 5A clearly illustrates the bipolar distribution of helical base-normal vectors, with a majority of the structural density occurring in the bottom left-hand portion of the triangle. Figure  5B suggests that the bases in most RNA hairpins also adopt generally bipolar orientations, although it is clear that there is far more scatter in the data. Similar conclusions can be drawn from the inspection of Figure 5 , C and D.
We applied the same simulationbased statistical test as above to evaluate the coplanar nature of the distributions of the different structural element basenormal vectors; the results are summarized in Table 1 . Not surprisingly, a majority of helices in RNA (94%) exhibit clear bipolar orientations of their base-normal vectors. The 6% of helices that have base-normal vectors that are not significantly bipolar or coplanar are all short (six bases or less). Our statistical criteria are sufficiently stringent that small perturbations in short helix structure reduce the significance of the test, as there is a high probability for six randomly oriented vectors to appear coplanar or bipolar under the null hypothesis. Interestingly, only about 47% and 43% of hairpin loops and junctions are statistically coplanar or bipolar, respectively. These low percentages are also due to the generally small number (4-10) of bases in most RNA hairpin loops and junctions. The least coplanar or bipolar elements of RNA structure are, not surprisingly, singlestranded regions.
We are also interested in whether the coplanarity observed in hairpins and junctions extends to the neighboring helices. We therefore performed coplanarity tests on the hairpins and junctions that were found to be planar by extending the 59 and 39 strands by two bases. We repeated the planarity tests on these extended structures and determined that 81% of hairpins are coplanar with their neighboring helices, while only 22% of junctions exhibit extended coplanarity.
Statistical evaluation of coaxial RNA helical arrangement
The high percentage of helices exhibiting statistically significant bipolar arrangements of their base-normal vectors enables us to define the mean axis of a helix (a precise description of bipolarity is given in the Materials and Methods section). For each RNA molecule it is therefore possible to evaluate the extent to which helices are arranged with a coplanar orientation of their axes. We therefore analyzed the distributions of the mean axes of helices for each RNA molecule in our test set and performed a test of significance with p < 0.05. The results of this test are illustrated in Figure 4B , and interestingly a majority of RNA still falls below the 5% percentile, illustrated as a dashed line. Of the molecules tested, 62% (false discovery rate [FDR] = 0.05) of RNA structures show significant coaxial arrangement of helices, including most of the ribosomal RNAs (Fig. 4B, plotted in green) . These results demonstrate that helices are generally arranged coaxially in large RNAs independent of size.
DISCUSSION
Compared to proteins, RNA molecules are composed of fewer and chemically less-diverse monomers. Given this apparent diminished potential for diversity, it is surprising how diverse are the functions carried out in the cell by folded RNA (Doherty and Doudna 2001) . The chemical nature of the RNA residue (sugar-phosphate backbone attached to a purine or pyrimidine base) suggests that sequential stacking for bases is energetically favorable, as it is the only orientation that effectively shields the hydrophobic faces of the bases from solvent (Ralston et al. 2000) . The dominance of the A-form helix in RNA structures attests to the stability of stacked conformations in RNA.
Our results confirm statistically the overall importance of stacking in RNA structure. They also suggest a subtler general tendency in structured RNA: the coplanar or even bipolar orientation of base normals. The chemical origin of this observation is not apparent when one considers only single bases. This emergent behavior in RNA structure is therefore a consequence of the overall fold of the molecule. We, and others (Duckett et al. 1997) , propose that this is a consequence of the local stereochemistry in doublestranded, nonhelical regions (or two-way junctions). The energetic advantages of base stacking in junctions favor these types of orientations. Furthermore, metal-ion binding in junctions has been shown to favor these types of orientations as well (Duckett et al. 1997) . Our work demonstrates that this behavior is general, even in very large RNAs such as the ribosome.
The orientation not only of base normals but also of helix axes and (to a slightly lesser extent) the normals of bases involved in other RNA structural elements may not be totally surprising. The great stability of base-stacking interactions derives substantially from the delocalization of electrons in the ring systems of bases. The increasingly large database of three-dimensional structures has shown that stacking interactions not only occur within the A-form double-stranded helix, but also often occur opportunistically across structural elements in an RNA. These opportunistic stacking interactions seem to create a network of connections between structural elements. Our results show that the effect of these interactions is to create larger scale ''coherence'' in the orientation of structural elements within large RNA structures that might otherwise be expected to show ''randomized'' orientations.
The use of the scatter matrix (S) and derived parameters such as the angular dispersion allowed us to define a stringent statistical test to measure coplanarity and bipolarity in RNA base-normal distributions. We found that in 99.9% of known RNA structures, the orientations of basenormal vectors are significantly coplanar (p < 0.05). More surprisingly, in 62% (FDR = 0.08) of known RNA structures, the orientations of the coaxial vectors are also coplanar. This result suggests that the local effects observed in the stereochemistry of junctions generally affect the global fold of the RNA. Therefore, understanding local structural effects in RNA is key to predicting global fold.
Our work is a basic observation of an RNA structural phenomenon. It suggests that a good first guess of the optimal orientation for visualization of an RNA molecule can be computed as the eigenvector corresponding to the smallest eigenvalue of the scatter matrix (S) as defined in Equation (1) below. We plan to incorporate this feature in a future release of our RNA specific visualization software toRNAdo (https://simtk.org/home/rna-viz-proto). Furthermore, when modeling RNA structurally, the general tendency of helices to pack coaxially can be used to refine models further. It is therefore important to evaluate the general nature of simple observations of RNA structure to achieve higher predictive ability.
MATERIALS AND METHODS

Directional statistics for RNA normal vectors
The orientation of a plane in space is determined by a unit vector that is normal to that plane. We define the normal to the plane of each base as the cross product of the C2-C4-C6 vectors for purines and pyrimidines. The base orientations in an RNA molecule can be reduced to a collection of unit vectors in threedimensional space as illustrated in Figures 1, E and F, and 2. We denote by x 1 ,. . .,x N the collection of observed normal vectors to each of the N bases. These vectors can be seen as points on the unit sphere ( Fig. 2A) . The dispersion of these points on the sphere can be described by the scatter matrix S, defined by (Watson 1965; Mardia and Jupp 2000) 
Notice that S does not change if any base plane is represented by the normal vector Àx instead x. The shape of the distribution on the sphere regardless of spatial orientation is described by the three eigenvalues l 1 , l 2 , and l 3 of the scatter matrix S, l 1 being the largest and l 3 the smallest. If l 1 is predominantly larger than l 2 and l 3 , then the distribution is mostly bipolar and its mean direction is given by the eigenvector corresponding to l 1 . If l 3 is predominantly smaller than l 1 and l 2 , then the distribution is mostly planar and its mean plane is orthogonal to the eigenvector corresponding to l 3 . We are interested in the degree to which the ensemble of vectors is coplanar, bipolar, or random. For this we further define the following three parameters (Zhang et al. 2004) :
The three parameters (c b , c p , and c r ) specify the bipolar, planar, and random (or spherical) arrangement for a given distribution of vectors. Notice that each of the parameters takes values between 0 and 1 and that the three quantities add up to 1. By plotting these three (c b , c p , and c r ) values on barycentric coordinates, the space of all possible anisotropies can easily be visualized.
Statistical evaluation of planarity through simulation
The null hypothesis of our statistical test (the one we wish to reject) is that RNA base-normal vectors are uniformly and randomly distributed on a sphere. The alternative hypothesis is that the base-normal vectors are arranged on a plane. To test this hypothesis we use as a test statistic the angular dispersion u, a measure of the average rise or deviation of the vectors from the best fitting plane. The angular dispersion is defined as (Schwartzman et al. 2005 )
where l 3 is the smallest eigenvalue of the scatter matrix S (Equation [1] ). The test is a one-sided test that rejects the null hypothesis at level 0.05 if u is smaller than the 5th percentile of the distribution of u under the null. The distribution of u under the null is unknown. We therefore adopt a simulation-based approach, whereby we generate ensembles of unit vectors with random orientations. Moreover, the likelihood of a particular set of base-normal vectors appearing planar under the null hypothesis depends on the number of bases-the smaller the number, the higher the likelihood. For this reason it is necessary to evaluate the distribution of the angular dispersion as a function of the number of vectors.
We computationally generate 10 5 distinct ensembles for n = 4-10 4 unit vectors. For each distinct ensemble and each n, the average angular dispersion u is computed using Equation (3). The mean and distribution of u for each n is parametrized in this way. For example, the resulting mean average angular dispersion (u[n]) for all 331 RNA molecules is plotted as a solid line in Figure 4 . The 5th and 95th percentiles of the distribution of u(n) are plotted as dotted lines. Finally, for each RNA structure, the null hypothesis is rejected at level 0.05 if u is smaller than the 5th percentile of the simulated distribution.
Statistical evaluation of bipolarity through simulation
We use the same planarity test as described above to evaluate bipolar arrangements, i.e., arrangements of vectors that lie mainly along a central axis. Since a straight line is a subset of a plane, the bipolar arrangement is a special case of arrangement that is detected by the planarity test. The planarity test is not the most powerful for detecting bipolarity (a more powerful test would be based on l 1 instead of l 3 ), but it suffices for our purposes.
Statistical evaluation of coaxial RNA helical arrangement
We use the same planarity test as described above to evaluate the extent to which helices are arranged with a coplanar orientation of their axes. For this test, the units are the helical means instead of individual base pairs. The mean axis of a helix is given by the eigenvector corresponding to the largest eigenvalue of the scatter matrix S (Equation [1] , with the x i being the helical basenormal vectors).
Multiple testing considerations
In all of the above analyses, many tests were performed simultaneously. In the analyses of base-normal vectors and coaxial RNA helical arrangement, 331 tests were performed (one for each RNA molecule). The number of statistical tests used to evaluate the base-normal coplanarity of RNA structural elements is indicated in the second column of Table 1 . It is well known in statistics that multiple testing affects significance levels. The multiple testing problem was taken into account here by assessing the false discovery rate. The FDR is the fraction of positive test results that are expected to be false positives (false discoveries). Since every test here was performed at a fixed significance level of 0.05, an appropriate conservative estimate of FDR is 0.05 divided by the fraction of positive test results. Computed this way, the FDR is 0.05 in the analysis of base-normal vectors, 0.08 in the evaluation of coaxial RNA helical arrangement, and corresponding numbers in the evaluation of base-normal coplanarity of RNA structural elements as indicated in the fourth column of Table 1 . The interpretation is that only [1-FDR] of the declared coplanar structures (e.g., only 0.89 3 47% = 42% of hairpin structures) are true findings. However, the identity of the false-positive structures cannot be determined.
Informatics for RNA structural analysis
Annotation of RNA secondary structure elements was carried out using RNAView (Yang et al. 2003) . A digital object model (DOM) of the structural annotations was built based on the RNAML (Waugh et al. 2002) output of RNAView and used to identify the different structural elements (helices, junctions, hairpin loops, and single-stranded regions) of the structure. The software developed to do this analysis (rnaDB.py) is freely available for download from https://simtk.org/home/rnadb/. Statistical tests and simulations were carried out in MATLAB and Python. Structures of RNA were downloaded from the Nucleic Acid Database . Only crystal structures with more than four helices were considered for the statistical tests.
SUPPLEMENTAL DATA
Supplementary Material and the RNADB software can be found under the download link at https://simtk.org/home/rnadb.
